One of the most important features of the combustion of the heterochain polymer polycaproamide (PCA), determining the complexity of lowering its flammability, is the formation at elevated temperatures of a polymer melt, as a result of which the rate of flow of liquid low-viscosity degradation products prevents the formation of a carbonised layer on the surface of the burning polymer (ref. 1) .
In ref. 2 it was shown that the flow of polymer degradation products through the carbonised layer is determined by Darcy's law, which makes it possible to predict means of lowering the flammability of carbonising polymers. In particular, it is necessary to strive for low permeability of the carbonised layer formed on the surface, and for high viscosity of the pyrolysis products. Furthermore, to lower the flammability of PCA, it is necessary to ensure that thermolysis proceeds at a temperature below the ignition point of the volatile pyrolysis products, that the likelihood of the release and ignition of ε-caprolactam is reduced, and that the carbonised residue (CBR) yield is increased.
One way of solving these problems is to modify the PCA with combustion retardants (CRs) promoting an increase in the polymer melt viscosity. Influencing the coking process by changing the melt viscosity at the thermolysis temperature, it is possible to produce coke of a certain macrostructure and thereby change the flammability of the polymeric materials (ref. It is known that the use of phosphorus-containing compounds increases the amount of coke residue during the pyrolysis and combustion of polymers through the formation on the surface of the burning polymer of a molten layer of polyphosphoric acids of high viscosity (ref. 4) .
As shown in the investigations carried out, fireproofing agent T-2 (a nitrogen-containing derivative of alkylphosphonic acid) is an effective CR for lowering the flammability of PCA (ref. 5). However, fireproofing agent T-2 possesses inadequate stability under moulding conditions (at a temperature above 230°C), which creates process difficulties in the processing of composites containing the given CR and lowers the effectiveness of its fireproofing action. This shortcoming can be eliminated by microencapsulation (ME) in polymer shells (ref. 6). Furthermore, encapsulation can raise the heat stability of the CR and ensure adhesive interaction with the polymer matrix.
The main shortcoming of the microencapsulated CRs developed earlier is the low start breakdown temperature of the polymeric shell, which prevents their use for introduction into the melt during the moulding of thermoplastic polymers. The given polymers are processed at high temperatures (250-290°C) and shear stresses, which makes increased demands on the polymers used for microencapsulation. Taking these demands into account, microencapsulation should be carried out in polymeric shells with a start breakdown temperature similar to the breakdown temperature of the polymers being modified.
Investigations were carried out on the development of methods for the microencapsulation of fireproofing agent T-2 in polymeric shells ensuring a higher heat stability during moulding by comparison with the initial CR. It was established that the polymers used for the encapsulation of CRs must be regarded as active components of fireproofing systems, the chemical structure of which determines the effectiveness of the latter. Therefore, of fundamental importance is the question of the role of the polymeric shell of ME CRs in the processes occurring during the thermolysis and combustion of fibreforming polymers.
To lower the flammability of PCA, fireproofing agent T-2 encapsulated in shells of different composition was introduced into the polymer melt at the moulding stage. As can be seen from the data given in Table 1 , the effectiveness of the fireproofing action of ME CRs depends on the type of polymer used for the shell. When fireproofing agent T-2 encapsulated in silicon-containing shells based on polyvinylethoxysiloxane (PVES) and polyaminopropylethoxysiloxane (PAPES) is used, composites with a high oxygen index are obtained.
Silicon-containing compounds are known to be used for the dressing of the surface of fillers introduced into composites with the aim of improving the dispersability of the filler in the polymer matrix, and also their processability and the production of materials with high physicomechanical properties (ref. 7) . This makes it possible to assume that the role of siliconcontaining shells consists in ensuring a more uniform dispersion of the ME CR in PCA and PETP, leading to increased fireproofing properties of the composites.
Using TGA and SPGC methods, a comparison was made of the thermal degradation of polymers containing the initial and the microencapsulated fireproofing agent T-2 ( Table 2 ). The introduction of T-2 in a PVES shell into PCA leads to intensification of carbonisation by comparison with a composite containing fireproofing agent T-2 alone, as a result of which there is a reduction in the maximum breakdown rate of the polymer by a factor of 2.5, and the temperature corresponding to this rate falls from 390 to 373°C.
Microencapsulated fireproofing agent T-2 inhibits the processes occurring during the thermo-oxidative degradation 
of PCA to a greater extent than the initial fireproofing agent, including the process of decarboxylation, the intensity of which decreases appreciably (the amount of carbon monoxide and dioxide released is halved). The reduction in the amount of CO passing into the gas phase leads to a reduction in the toxicity of the volatile pyrolysis products of PCA composites containing ME CRs. A characteristic of the thermolysis of a composite containing an ME CR in a PVES shell is the release of volatile compounds into a lower-temperature region by comparison with a PCA + fireproofing agent T-2 composite (Table 2 ).
In the presence of ME CR, a dense carbonised residue is formed, of greater mass than in the case of a non-encapsulated CR. This is due to the possibility, during high-temperature processing, of the participation of vinyl groups of PVES in the reaction of graft polymerisation to PCA.
Investigation of the interaction of oligoorganosiloxanes containing functional (vinyl and alkoxy) groups at the silicon atom with polyamides is described in refs. 8 and 9. It was shown that, in the presence of silicon-containing modifiers, the heterolytic decomposition of the amide bond during hightemperature processing of the polyamide is suppressed by the combination of water contained in the polyamide by the alkoxy groups of the oligoorganosiloxane. The interaction of vinyl groups with PCA macromolecules is initiated by the -NH-C(OO)-peroxide groups or by free radicals at the α-carbon atom of the amide group, formed in the polymer melt under the action of air oxygen. The reaction proceeds by the scheme In PCA moulded with ME fireproofing agent T-2 in a PVES shell, the content of double bonds is reduced by two orders of magnitude (to 1.1 × 10 -6 mol/g) by comparison with the content in the ME CR, which is evidence of the opening of double bonds in the silicon-containing shell.
It was shown that the intrinsic viscosity of a solution of phosphorus-and silicon-containing PCA, determined in concentrated sulphuric acid, increases (to 0.96 dl/g) by comparison with the given index for a PCA composite containing initial fireproofing agent T-2 (0.71 dl/g) and is a little higher than the given value for the initial PCA (0.87 dl/g) moulded under the same conditions.
Owing to the polyfunctionality of PVES, the formation of crosslinks and three-dimensional structures can occur by the interaction of silanol groups formed during the hydrolysis of ethoxy groups in PVES with amino groups and the hydrogen atom of the amide group of PCA (ref. 9). It was shown that the content of free amino groups in PCA containing ME CR is reduced to 0.079 × 10 -3 mol/g by comparison with 0.095 × 10 -3 mol/g for the initial polymer. The given relationships indicate the heat-stabilising action of the siliconcontaining shell. The introduction of ME fireproofing agent T-2 in a PVES shell lowers the glass transition temperature T g (from 48 to 43°C) after processing in an extruder but has virtually no influence on its temperature and enthalpy of melting. The change in T g indicates that modification with phosphorus-and silicon-containing CR occurs mainly in amorphous regions of the polymer, which leads to a reduction in the thermal oxidation rate, since amorphous regions are most sensitive to the indicated type of degradation.
The encapsulation of fireproofing agent T-2 in siliconcontaining shells ensures the production of materials with a high oxygen index (OI) value (29.1%). The introduction of fireproofing agent T-2 and PVES into PCA in the same ratio as in ME CR does not make it possible to produce a composite with the same fireproofing properties as in the case of using an encapsulated fireproofing agent ( Table 3 ). The encapsulation of fireproofing agent T-2 in silicon-containing shells leads to more effective inhibition of the pyrolysis of PCA by comparison with a fireproofing system containing phosphorus-and silicon-containing compounds through an increase in the amount of phosphorus and silicon retained in the condensed phase, and through the formation of a -CH-Si-carbonised residue (CBR). The ratio of C and H in the carbonised residue of PCA modified with ME CR increases to 9.8 as opposed to 6.3 for PCA containing fireproofing agent T-2 and PVES. It is known that the areas of the carbon skeleton in polymeric cokes that are enriched with hydrogen-containing groups are the most sensitive to oxidation reactions.
These relationships can be explained by the fact that, during the thermolysis of the composite, encapsulated fireproofing agent T-2 initially melts within the shell and, with the appearance of defects in it, enters the polymer melt in the molten state. The interaction of functional groups of PCA with active groups of fireproofing agent T-2 proceeds in the liquid medium, which determines the high rate of their interaction. The initial fireproofing agent melts at 201°C and, by the start of processing of the composite, degrades partially, which lowers the effectiveness of its fireproofing action.
Mineralisation of the carbonised residue and the increased content of phosphorus and carbon determine the higher thermo-oxidative stability of the polymer matrix at elevated temperatures, as a result of which the maximum breakdown rate of the composite decreases. The carbonised residue formed is oxidised in the high-temperature region at a lower rate, which leads to an increase in the CBR at 700°C (Table 4) .
To explain this fact, an investigation was made of the morphology of carbonised residues produced during the pyrolysis of composites containing the initial and the ME fireproofing agent T-2 in a PVES shell by means of scanning electron microscopy on a Jeol JSM-35C instrument.
Micrographs of the surfaces of carbonised residues produced during the thermolysis of composites at 350°C for 30 min are presented in Fig. 1 .
The surface carbonised layer of initial PCA (Fig. 1a) is characterised by the presence of fractures and cracks. During the thermolysis of a composite containing fireproofing agent T-2, the formation of a surface-swollen carbonised residue occurs ( Fig. 1b1 and b2 ), the internal layers of which possess a graphite-like structure (Fig. 1b3) . This explains the production of composites possessing higher heat-shielding characteristics than the initial PCA. The formation of a thick, dense, oriented carbonised layer without cracks and pores during the thermolysis of a composite of PCA + ME fireproofing agent T-2 in a PVES shell (Fig. 1a) leads to an additional increase in the fireproofing and heat-shielding properties of the given composite. The investigations carried out indicate the promise of using ME fireproofing agent T-2 in a PVES shell to reduce the fire hazard of PCA materials. 
